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Abstract
Warming induced by increased greenhouse gas emissions is intensifying the global water cycle and increasing the water 
vapor content of the global atmosphere. However, there is a lack of scientific literature assessing how regional atmospheric 
moisture transport and recycling will change in a warming climate. This work analyzes the projections of atmospheric 
moisture transport and recycling over tropical South America by the end of the twenty-first century (2070–2100) under a 
climate change scenario (RCP8.5). We used the Dynamic Recycling Model to estimate atmospheric moisture contributions 
to the region considering input data from the European Centre for Medium-Range Weather Forecasts ERA5 reanalysis and 
11 models included in the Fifth Phase of the Coupled Model Intercomparison Project. Projected increases of precipitable 
water in tropical South America are linked with increased evaporation from the oceans. However, those projections also 
indicate (1) reductions in the precipitation contributed by the main atmospheric moisture sources to the continental regions 
of tropical South America, (2) reductions of total precipitation, and (3) reductions of recycled precipitation over the region. 
The largest reductions of precipitation recycling are projected over the southern Amazon during the dry-to-wet transition 
season (about 31%) and the northern Amazon during its dry season (about 25%). This is particularly relevant since the 
southern Amazon has experienced the occurrence of longer dry seasons during the recent decades and has been highlighted 
as a hotspot of climate change.
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1 Introduction

It is unequivocal that human influence has warmed the 
atmosphere, ocean and land (IPCC 2021). As a consequence, 
the global water cycle has experienced substantial and wide-
spread changes since the mid-twentieth century, particularly 
an intensification since at least 1980, with increased atmos-
pheric moisture fluxes and amplified precipitation minus 
evaporation patterns (Arias et al. 2021a; Douville et al. 
2021). A warmer climate increases water vapor transport 

into weather systems, making wet seasons and events wetter, 
but also drives an increase in the atmospheric evaporative 
demand and the severity of droughts (Douville et al. 2021). 
As a consequence, weather and climate extremes, such as 
heavy precipitation and drought, are increasing in frequency 
and intensity over many regions (IPCC 2021; Seneviratne 
et al. 2021).

Global atmosphere moisture has increased since the 
1980s, with increases of near-surface specific humidity over 
both ocean and land since at least the 1970s (Willett et al. 
2014, 2020; Douville et al. 2021; Allan et al. 2022). How-
ever, the regional atmospheric circulation strongly influences 
the regional climate response, with water vapor transport 
and moisture recycling playing an important role. Although 
the Sixth Assessment Report (AR6) of the Intergovernmen-
tal Panel on Climate Change (IPCC) assesses high confi-
dence on an increase of global atmospheric moisture trans-
port due to human activity (Douville et al. 2021), there is 
a lack of scientific literature assessing how regional atmos-
pheric moisture transport and recycling is changing and will 
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continue changing as a consequence of increased human-
caused GHG, particularly for tropical South America.

Previous studies have identified the climatological behav-
ior of water vapor transport over tropical South America. 
Numerical models of different levels of complexity have 
been widely used to identify aspects related to: (1) the main 
moisture sources for the region (e.g. Drumond et al. 2008; 
Sakamoto et al. 2011; Arias et al. 2015a, b; Hoyos et al. 
2018; Sorí et al. 2018; Nieto et al. 2019; Escobar et al. 
2022), (2) the interannual variations of the regional atmos-
pheric moisture transport (e.g. Hoyos et al. 2019; Morales 
et al. 2020), (3) the diurnal cycle of the water vapor con-
tributions to the region (Zahn and Allan 2013; Dominguez 
et al. 2022), (4) the role of the low-level jets (Poveda et al. 
2014; Arias et al. 2015a, b; Gimeno et al. 2016; Gallego 
et al. 2019; Morales et al. 2020), (5) the variations of the 
regional patterns of atmospheric moisture transport related 
to land cover changes (Agudelo et al. 2019; Molina et al. 
2019; Ruiz-Vásquez et al. 2020; Sampaio et al. 2021; Ruv 
Lemes et al. 2023), and (6) the relative contributions of 
recycled humidity (e.g. Bosilovich and Chern 2006; Zemp 
et al. 2014; Staal et al. 2018; Dominguez et al. 2022; Esco-
bar et al. 2022) and moisture advection from the oceans 
(Gimeno et al. 2012, 2020). Moreover, recent studies have 
provided isotopic evidence that confirm the importance of 
continental moisture sources over the region, like the Ama-
zon (Ampuero et al. 2020) or the Orinoco basin (Escobar 
et al. 2022).

Particularly, water vapor recycling and transport in the 
Amazon has received special attention in the literature. Dif-
ferent studies show that the Amazon basin receives atmos-
pheric moisture advected from the South Atlantic and the 
North Atlantic (e.g. Bosilovich and Chern 2006; Drumond 
et al. 2008, 2014; Satyamurty et al. 2013; Rocha et al. 2017; 
Sori et al. 2018; Agudelo et al. 2019). The relevant role 
of atmospheric moisture recycling over the southern Ama-
zon has been also widely addressed (e.g. Zemp et al. 2014; 
Swann et al. 2015; Marengo et al. 2017; Rocha et al. 2017; 
Staal et al. 2018; Ampuero et al. 2020; Ruiz-Vásquez et al. 
2020; Tuinenburg et al. 2020; Dominguez et al. 2022). Given 
the importance of moisture recycling in the Amazon, sev-
eral studies have focused on the impacts of deforestation 
and land cover change in this region on water vapor recy-
cling and transport (Agudelo et al. 2019; Molina et al. 2019; 
Ruiz-Vásquez et al. 2020; Sampaio et al. 2021; Ruv Lemes 
et al. 2023). However, few studies focus on the projected 
changes of atmospheric moisture transport over the Amazon, 
and tropical South America in general, in association with 
human-induced climate change.

Therefore this work aims to analyze the projections of 
atmospheric moisture transport and recycling over tropical 
South America under a climate change scenario. We used 
the Dynamic Recycling Model (DRM; Dominguez et al. 

2006) to estimate atmospheric moisture contributions to 
the region considering input data from the European Cen-
tre for Medium-Range Weather Forecasts (ECMWF) ERA5 
reanalysis (Hersbach et al. 2020) and 11 models included 
in the Fifth Phase of the Coupled Model Intercomparison 
Project (CMIP5; Taylor et al. 2012). In particular, we con-
sidered projections by the end of the twenty-first century 
(2070–2100) under the Representative Concentration Path-
way (RCP) with the highest GHG concentrations—RCP8.5 
(Riahi et al. 2011). We used the RCP8.5 since this provides 
a greater signal for understanding projected changes in water 
vapor transport while lower emission scenarios produce 
similar but smaller responses. With this analysis, we aim to 
contribute to the understanding of regional climate change 
over tropical South America, a region with high vulnerabil-
ity to climate change (Castellanos et al. 2022).

2  Data and methodology

2.1  Reanalysis data

We used hourly fields of precipitation, evaporation, precipi-
table water, and vertically integrated horizontal moisture 
fluxes (WIMF) for zonal and meridional directions from the 
ERA5 reanalysis (Hersbach et al. 2020) during the period 
1980–2005. We estimated daily means from the hourly data 
to run the DRM. In ERA5, evaporation corresponds to the 
accumulated amount of water that has evaporated from the 
Earth's surface, including a simplified representation of tran-
spiration (from vegetation), into vapour in the air above. 
ERA5 is the most recent reanalysis of the ECWMF, with a 
30 km horizontal grid size and 137 pressure levels. Exten-
sive conventional in-situ measurements and satellite obser-
vations, including those sampling surface and tropospheric 
humidity, are combined with a high-resolution atmosphere 
modeling system using four dimensional-variational data 
assimilation. Precipitation and evaporation are not assimi-
lated variables over the region and are instead generated by 
the model that will introduce biases. However, the simu-
lation is expected to be realistic given the assimilation of 
determinant variables such as temperature and water vapor 
and as demonstrated in evaluation against observations (e.g., 
Hersbach et al. 2020; Watters et al. 2021; Eiras-Barca et al. 
2022). This product is the state-of-the-art reanalysis used 
in studies focused in water vapor tracking (Tuinenburg and 
Staal 2020).

2.2  CMIP5 model outputs

This work also uses CMIP5 outputs for daily fields of sur-
face latent heat flux, precipitation, zonal and meridional 
winds and specific humidity at different pressure levels from 
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11 CMIP5 models (Table 1). Since the variable evaporation 
is not available from the CMIP5 models considered, we used 
surface latent heat flux to estimate evaporation. Latent heat 
flux is converted from an energy flux to a moisture flux using 
the latent heat of vaporization. This includes evaporation 
from bare ground and water bodies as well as evaporation 
from intercepted water on vegetated surfaces and transpira-
tion from vegetation.

We selected these models based on the availability of 
daily data for the historical and RCP8.5 runs, which is 
required to run the DRM. A larger set of models, including 
the CMIP6 set, were not considered here since the full set of 
diagnostics were not available. Thus, a representative set of 
CMIP5 models was used while noting that the full range of 
responses across CMIP5 and CMIP6 would provide a fuller 
but not necessarily complete range of plausible responses 
that could be investigated in future studies.

We considered historical runs for the period 1980–2005. 
Historical simulations include all forcing observed during 
the twentieth century (1850–2005), including changes in the 
atmospheric composition due to human activities, volcanic 
eruptions, land use changes, solar forcing and aerosol emis-
sions (Taylor et al. 2012). In addition, we considered twenty-
first century projections under the RCP8.5 scenario for the 
period 2070–2100. The RCP8.5 corresponds to the scenario 
with the highest GHG emissions amongst the four RCPs 
introduced in the AR5, reaching a CO2-equivalent (CO2-eq) 
concentration of 1370 ppm and a radiative forcing of 8.5 
W/m2 by 2100 (Riahi et al. 2011). The spatial land cover 
considerations of the RCP8.5 include: (1) built-up land (resi-
dential plus infrastructure), (2) cultivated land (arable and 

permanent crops, separated by irrigated and non-irrigated 
land), (3) forests (separated by managed and unmanaged 
forests), (4) grassland/woodland/shrubland (GWS), and (5) 
other land (water, desert, rocks, and ice). Major improve-
ments of the RCP8.5 include updates with respect to the 
representation of base-year land-cover statistics and updates 
in inventories. The RCP8.5 also considers the split of the 
aggregated GWS category into pasture and natural grass-
lands, which was done specifically to represent dynamic 
land-cover changes in climate projections (Riahi et al. 2011).

Although the RCP8.5 is a very high GHG emissions 
scenario, the robust scaling of atmospheric moisture with 
temperature mean that results are expected to apply to lower 
emissions scenarios with a lower magnitude response, while 
it provides the benefit of maximizing the signals of inter-
est. In addition, climate sensitivity varies across models, 
thereby also providing a range of warming pathways for each 
scenario.

2.3  Atmospheric moisture transport

We used the DRM to track the water vapor originating from 
different source regions and transported to sink regions 
in tropical South America. The DRM is a 2D analytical 
model that uses a semi-Lagrangian approach to estimate 
the spatio-temporal variation of the atmospheric moisture 
that is recycled in a target region (i.e., that originates as 
evapotranspiration in the same region) and is advected to 
and from other remote regions (Dominguez et al. 2006; 
Martinez and Dominguez 2014). The model is derived from 
the water vapor conservation equation integrated into the 

Table 1  General description of the 11 CMIP5 models used

ESM Earth System Model, AOGCM Atmosphere–Ocean Coupled General Circulation Model

Model Institute Lon × Lat resolution Type References

CanESM2 Canadian Centre for Climate Modeling and Analysis 2.8° × 2.8° ESM Arora et al. (2011)
GFDL-CM3 NOAA/Geophysical Fluid Dynamics Laboratory 2.5° × 2.0° AOGCM Donner et al. (2011)
GFDL-ESM-2G NOAA/Geophysical Fluid Dynamics Laboratory 2.5° × 2.0° ESM Donner et al. (2011)
GFDL-ESM-2M NOAA/Geophysical Fluid Dynamics Laboratory 2.5° × 2.0° ESM Donner et al. (2011)
MIROC5 Atmosphere and Ocean Research Institute (The University of 

Tokyo), National Institute for Environmental Studies, and 
Japan Agency for Marine-Earth Science and Technology

1.4° × 1.4° AOGCM Watanabe et al. (2010)

MIROC-ESM Atmosphere and Ocean Research Institute (The University of 
Tokyo), National Institute for Environmental Studies, and 
Japan Agency for Marine-Earth Science and Technology

2.8° × 2.8° ESM Watanabe et al. (2010)

MIROC-ESM-CHEM Atmosphere and Ocean Research Institute (The University of 
Tokyo), National Institute for Environmental Studies, and 
Japan Agency for Marine-Earth Science and Technology

2.8° × 2.8° ESM Watanabe et al. (2010)

MPI-ESM- MR Max Planck Institute for Meteorology 1.9° × 1.9° ESM Zanchettin et al. (2013)
MRI-CGCM-3 Meteorological Research Institute 1.1° × 1.1° AOGCM Yukimoto et al. (2012)
MRI-ESM1 Meteorological Research Institute 1.1° × 1.1° ESM Yukimoto et al. (2012)
NorESM1-M Norwegian Climate Center 2.5° × 1.9° ESM Zhang et al. (2012)
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atmosphere, with calculations at the daily and sub-daily time 
scales, which allows for a better description of the trajecto-
ries of atmospheric moisture. In essence, the DRM computes 
how much moisture is collected from surface evaporation 
by an atmospheric column, and how much this air column 
loses via precipitation, while it is advected horizontally by 
an effective 2D wind field derived from the vertical integral 
of the horizontal water vapor flux and the total column water 
vapor. This approach assumes that the water vapor is well 
mixed in each atmospheric column, such that the ratio of 
precipitation from local origin (i.e. from surface evapora-
tion within the atmospheric column) to precipitation from 
advected moisture is equal to the ratio of the column water 
vapor from local origin to the column water vapor from 
advected origin.

This assumption can miss important details in the trans-
port of moisture and recycling associated with regions of 
strong wind shear and/or fast recycling (e.g. Goessling 
and Reick 2013; Dominguez et al. 2020). However, the 
2D version of the DRM used in this study has been able to 
provide estimates of precipitation recycling and moisture 
transport over parts of South America that is in agreement 
with estimates of more complex 3D models (e.g. Martinez 
and Dominguez 2014; Hoyos et al. 2018; Dominguez et al. 
2020). Furthermore, this version of the DRM has been use-
ful for studying contrasts and anomalies related to opposite 
phases of El Niño-Southern Oscillation (ENSO), droughts, 
and land-cover changes (e.g. Morales et al. 2020; Roy et al. 
2019; Herrera-Estrada et al. 2019; Ruiz-Vásquez et al. 2020). 
In particular, Morales et al. (2020) show that different 2D 
versions of the DRM provide the same sign of anomalies 
and correlations for the transport of atmospheric moisture 
over the tropical Americas during different ENSO phases. In 
addition, the 2D DRM is a very simple computational tool 
that can be used efficiently to compute statistics related to 
the recycling of moisture and atmospheric moisture trans-
port for multiple models, in contrast to the large computa-
tional costs of more comprehensive water vapor transport 
models (e.g. Dirmeyer et al. 2009; Stohl and James 2004).

The DRM requires data for precipitation, evaporation, 
precipitable water, and Vertically Integrated Moisture Fluxes 
(VIMF) at daily time scale. The reference run was performed 
using input data from the ERA5 reanalysis (Hersbach et al. 
2020), at a resolution of 30 km grid size for the period 
1980–2005 in the domain between latitudes 20° S–35° N 
and longitudes 120° W–10° W, as shown in Fig. 1. We con-
sidered 11 continental and 8 oceanic regions (Fig. 1). In 
particular, we focused on the water vapor transport and recy-
cling for three continental regions in tropical South Amer-
ica: Northern South America (NOSA), Northern Amazon 
(NAMZ) and Southern Amazon (SAMZ).

We also run the DRM using the historical simulations of 
11 CMIP5 models (Table 1) during the period 1980–2005 

and their projections under the RCP8.5 scenario for the 
period 2070–2100. Evaporation, precipitable water and 
VIMF were computed from the daily CMIP5 outputs for 
latent heat flux, specific humidity and horizontal wind. The 
DRM was run with the input data from each CMIP5 model 
at their original horizontal resolution (Table 1), considering 
the spatial domain and regions presented in Fig. 1.

2.4  Model evaluation

We used Taylor diagrams (Taylor 2001) to evaluate the abil-
ity of the CMIP5 models considered to simulate the vari-
ables used by the DRM to estimate atmospheric moisture 
transport in tropical South America. This method allows 
evaluating the model performance by comparing the spatial 
correlation, standard deviation and root mean square error 
(RMSE) of the model simulation with respect to a reference 
dataset. Particularly, we evaluated the simulation of precipi-
tation (P), evaporation (E), precipitable water (PW) and P–E 
by comparing CMIP5 historical simulations against ERA5 
estimates during the period 1980–2005. It is important to 
highlight that although it has been widely discussed that 
reanalysis products exhibit large biases simulating precipita-
tion (Serreze and Hurst 2000; Rusticucci et al. 2014; Essou 
et al. 2016; Ceglar et al. 2017), we considered ERA5 as the 
reference dataset for this variable since DRM requires phys-
ically-consistent estimates of P, E and PW; therefore these 
variables need to come from a physically-consistent prod-
uct such as a reanalysis and not from independent datasets. 
Although ERA5 shows suspicious changes in global water 

Fig. 1  Domain considered for estimating water vapor transport over 
tropical South America using the DRM. NOSA Northern South 
America, NAMZ Northern Amazon, SAMZ Southern Amazon, TNP 
Tropical North Pacific, TSP Tropical South Pacific, NATL North 
Atlantic, TNA Tropical North Atlantic, TSA Tropical South Atlantic, 
CABN Caribbean Sea, CAM Central America, GOM Gulf of Mexico, 
GUYN Guyanas, PECH Peru–Chile, TOCA Tocantins basin, NORD 
Brazilian Northeast, LPRB La Plata River Basin, AFRC Africa, 
SWUS Southwestern United States, SEUS Southeastern United States. 
The delimitation of the regions presented in the figure is based on the 
horizontal resolution of the MPI-ESM-MR model (1.875° × 1.875°). 
NOSA, NAMZ, and SAMZ are the sink regions of interest for this 
study
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vapor before the early 1990s, they are observed mainly over 
the tropical oceans (Allan et al. 2022). In general, ERA5 has 
a broad agreement with satellite records in terms of large-
scale precipitation fields (Watters et al. 2021).

To analyze the performance of the CMIP5 models repre-
senting the different contributions of PW and P from the dif-
ferent source regions to NOSA, NAMZ and SAMZ (Fig. 1), 
we compared the mean total annual and mean annual cycles 
of the contributions estimated with the DRM for each 
CMIP5 model with those from ERA5. Finally, we estimated 
the projected changes in the different contributions of PW 
and P to NOSA, NAMZ and SAMZ by estimating the pro-
jected change between the RCP8.5 projection (2070–2100) 
and the historical simulation (1980–2005) of each CMIP5 
model.

3  Results

3.1  Historical simulations of the variables involved 
in the estimation of atmospheric moisture 
transport

Different studies have already focused on how the CMIP5 
models simulate different hydroclimatic variables in tropical 
South America, particularly precipitation (Yin et al. 2013; 
Sierra et al. 2015; Palomino-Lemus et al. 2015, 2017; Arias 
et al. 2021b; Ortega et al. 2021). Here, we do not attempt 
to provide a comprehensive assessment of the biases of 
the CMIP5 models in representing these variables over the 
region. However, it is important to get a general view of 
such biases since these variables are required by the DRM to 
estimate the contributions of PW and P from each moisture 
source to the sink region of interest (NOSA, NAMZ and 
SAMZ).

CMIP5 models exhibit their greatest biases simulating 
mean precipitation in tropical South America during boreal 
winter and spring (December to February (DJF) and March 
to May (MAM), respectively (see Figure S1) as previously 
highlighted in different studies (Yin et al. 2013; Sierra et al. 
2015; Ortega et al. 2021), and which is particularly related to 
a biased ITCZ location (Hirota and Takayabu 2013; Zhang 
et al. 2015). This ITCZ bias is still observed in the most 
recent GCM generation (Tian and Dong 2020; Zhou et al. 
2020; Ortega et al. 2021). When comparing the simulation 
of precipitation in continental and oceanic regions, it is clear 
that the lowest spatial correlations and highest standard 
deviations are observed for the oceanic regions, mainly in 
DJF and MAM (Figure S1c). This indicates that the models 
have more difficulties when simulating this variable over the 
oceans surrounding tropical South America than over the 
continental regions. However, an analysis of the annual cycle 
of precipitation shows that the CMIP5 models underestimate 

precipitation in NOSA, NAMZ and SAMZ, although they 
adequately represent the phase of the annual cycle over these 
regions (not shown). This agrees with previous studies that 
highlight that the CMIP5 models underestimate precipitation 
in the Amazon, mainly during its dry season (Joetzjer et al. 
2013; Yin et al. 2013; Martins et al. 2015). Among the 11 
models considered, the MIROC models show higher spa-
tial correlation coefficients, lower standard deviations and 
lower RMSE when representing seasonal precipitation in 
tropical South America, exhibiting a better performance for 
this variable than the other models. In particular, MIROC5 
has been shown to have a reasonable simulation of seasonal 
precipitation in tropical South America (Palomino-Lemus 
et al. 2015; Bonilla-Ovallos and Mesa-Sánchez 2017; Sierra 
et al. 2018; Ortega et al. 2021).

Regarding evaporation, the CMIP5 models considered 
show their greatest biases over the continental regions than 
over the oceans (Figure S2). This could be related to the dif-
ficulties exhibited by models in representing land-surface 
interactions, in which soil moisture and land cover play an 
important role (Koster et al. 2002; Dirmeyer et al. 2013a, 
b; Lorenz et al. 2016). In particular, they underestimate 
evaporation over the Amazon mainly during the dry season 
[June to August (JJA)] and the dry-to-wet transition season 
[September to November (SON)] (not shown), in agreement 
with previous studies (Martins et al. 2015). As discussed by 
Sörensson and Ruscica (2018), there are large uncertainties 
in the evaporation estimates for South America, particularly 
over the Amazon, which is observed not only in CMIP mod-
els but also in reanalysis and satellite products. When com-
paring the simulation of this variable by the CMIP5 models 
considered, MIROC5 is the model with the best metrics 
according to the Taylor diagrams (Figure S2).

In contrast, CMIP5 models exhibit a much better simu-
lation of precipitable water in comparison to precipitation 
and evaporation, over both oceanic and continental regions, 
as suggested by the higher spatial correlation coefficients, 
lower standard deviations and lower RMSE for this vari-
able (Figure S3). As identified for evaporation, MIROC5 is 
the model with the best simulation of seasonal precipitable 
water over tropical South America.

Another variable of interest when analyzing water vapor 
transport is P–E, which couples the moisture budget between 
the land and the atmosphere. In the long term, a region with 
P < E (P–E < 0) denotes a moisture source while regions 
with P > E (P–E > 0) correspond to moisture sinks. Figure 2 
shows that in general, the CMIP5 models considered are able 
to identify if a particular region is a moisture source or sink 
during the historical period (1980–2005), as indicated by the 
high agreement among models simulating this feature for the 
main oceanic and continental regions presented in Fig. 1. 
For instance, the oceans behave as moisture sources and 
the models adequately represent this feature. The seasonal 
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Fig. 2  Multiannual seasonal P–E (in mm/day) over tropical South 
America simulated by ERA5 (left) and the multimodel mean of the 
11 CMIP5 models considered (right) for the period 1980–2005. Red 

(blue) colors indicate atmospheric moisture sources (sinks). Dots 
indicate that at least 80% of the models agree on the sign of P–E (i.e. 
they agree on whether there is a moisture source or a moisture sink)
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meridional migration of the ITCZ, evidenced by P–E > 0 
over the tropical oceans, is simulated by most of the models, 
indicating the occurrence of moisture convergence over the 
region. In contrast, most of the continental regions behave 
as moisture sinks. However, the southern Amazon acts as a 
moisture source mainly during its dry season (JJA), which 
is correctly represented by the models, except CanESM2 
(Figure S5l).

P–E is better simulated by the models over the continent 
during DJF and MAM while the oceanic patterns are better 
represented during JJA and SON (Figure S4). The great-
est biases of P–E over the oceanic regions during DJF and 
MAM (Figure S4c) agree with the seasonal biases of pre-
cipitation over these regions (Figure S1c). Also, the largest 
biases over the continent in JJA and SON (Figure S4b) agree 
with the greatest biases of evaporation over these regions 
(Figure S2b). This suggests that the simulation of P–E in 
tropical South America by the CMIP5 models is strongly 
biased by their simulation of precipitation over the oceans 
and evaporation over the continental regions. Among the 
CMIP5 models, the MIROC models exhibit the best simula-
tion of the P–E seasonal spatial patterns while the MRI mod-
els exhibit the poorest simulation, according to the Taylor 
diagrams (Figure S4).

To understand the origin of these biases is beyond the 
scope of this work as it involves investigating each of the 
land-surface schemes of the input models, along with each 
of the components related to hydrological variables in those 
models. Evaporation biases can also be a result of precipita-
tion and circulation biases (e.g. if the region is unrealisti-
cally dry in terms of precipitation then there will also not be 
enough soil water to evaporate) in addition to the physical 
models employed to represent bare soil and vegetated evapo-
ration and transpiration.

3.2  Historical simulations of atmospheric moisture 
transport

We used the DRM, with inputs from ERA5 and different 
CMIP5 models (Table 1), to estimate the contributions to 
PW and P from different regions to NOSA, NAMZ and 
SAMZ (see Fig. 1). The DRM estimates from ERA5 inputs 
are used as the reference (reference run). We run the DRM 
using input data at the original horizontal resolution of each 
CMIP5 model and compared with the ERA5 reference run. 
In general, CMIP5 models are able to capture the main 
atmospheric moisture sources to NOSA, NAMZ and SAMZ 
as observed from the ERA5 reference run (Figs. 3, 4, 5).

For NOSA (Fig. 3), the main sources for both PW and P 
are the Tropical North Atlantic (TNA), NOSA (i.e. mois-
ture recycling), the Tropical South Atlantic (TSA) and the 
North Atlantic (NATL). Although it is not a dominant source 
throughout the year, NAMZ provides significant moisture to 

NOSA in JJA (Figure S6). These sources have been previ-
ously identified (Sakamoto et al. 2011; Poveda et al. 2014; 
Arias et al. 2015b; Hoyos et al. 2018). For NAMZ (Fig. 4), 
the main moisture sources are TNA, TSA, NAMZ (i.e. 
moisture recycling) and the Brazilian Northeast (NORD). 
In particular, the contribution of the Atlantic sources to 
atmospheric moisture in NAMZ has been previously docu-
mented (Bosilovich and Chern 2006; Drumond et al. 2008, 
2014; Satyamurty et al. 2013; Rocha et al. 2017; Sori et al. 
2018; Agudelo et al. 2019). Finally, the main sources of 
atmospheric moisture for SAMZ (Fig. 5) are SAMZ itself 
(moisture recycling), TSA, TNA, NAMZ and NORD. The 
relevant role of atmospheric moisture recycling over SAMZ 
(reaching values about 20–30% according to our DRM esti-
mates) has been widely discussed (e.g. Zemp et al. 2014; 
Swann et al. 2015; Marengo et al. 2017; Rocha et al. 2017; 
Staal et al. 2018; Ampuero et al. 2020; Ruiz-Vásquez et al. 
2020; Tuinenburg et al. 2020; Dominguez et al. 2022).

When analyzing the annual cycle of the atmospheric 
moisture contributions from the different source regions to 
NOSA, NAMZ and SAMZ (Figures S6 to S8), the largest 
biases exhibited by the CMIP5 models (with respect to the 
ERA5 reference run) correspond to their simulations of PW 
and P recycling over these three continental regions, while 
they have a better representation of the atmospheric mois-
ture transport from the oceans. This could be related with 
the strong biases shown by the models simulating evapora-
tion over the continental regions of tropical South America 
(Figure S2c). Also, the correlations between the simulated 
annual cycle of transported moisture and that from ERA5 
are lower when considering atmospheric moisture transport 
from the continental regions toward the Amazon (NAMZ 
and SAMZ) in comparison with the transport from the oce-
anic regions, particularly for PW (Figures S7 and S8).

Table 2 shows the models with the best representation 
of the annual cycle of PW and P transported from the main 
moisture sources to NOSA, NAMZ and SAMZ. In general, 
MIROC5 is the model with the best representation of atmos-
pheric moisture transport and recycling for the three sink 
regions considered. This could be related to the fact that 
MIROC5 is also one of the best models for simulating P, E, 
PW and P–E (Figures S1 to S4).

3.3  Projections of the variables involved 
in the estimation of atmospheric moisture 
transport

In order to identify the main projected changes in P, E, PW 
and P–E that may affect future PW and P transport over 
tropical South America, we present a brief summary of these 
projections based on the 11 CMIP5 models considered for 
the different regions shown in Fig. 1. This summary is pre-
sented in Fig. 6.
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Projections indicate an increase of precipitable water over 
all the regions considered in tropical South America, with 
100% of agreement among models for all the seasons, while 
evaporation is projected to increase mainly over the oceans. 
In general, oceanic regions are projected to become stronger 
moisture sources by the end of the twenty-first century. 
However, precipitation changes are spatially heterogeneous. 
Precipitation is projected to increase over the continental 
regions during DJF. In contrast, decreases of precipitation 
are projected over SAMZ by the end of the twenty-first cen-
tury during JJA and SON, with reductions of about 32% 
and 19%, respectively, with respect to the historical period.

For the continental regions of interest in this study, 
precipitation is projected to reduce over NOSA for DJF 
and JJA, with high agreement between models (81.8%). 
Likewise, projections suggest reductions of precipita-
tion in NAMZ during JJA and SON, with strong model 
agreement (100% and 90.9%, respectively). Over SAMZ, 
models agree in a reduction of precipitation during these 

seasons (90.9% of agreement) while evaporation is pro-
jected to decrease, although with less agreement between 
models (72.7% and 81.8%, respectively).

Regarding P–E, the CMIP5 models analyzed agree 
on a projected strengthening of the oceans as a moisture 
source by the end of the twenty-first century, although the 
projected change exhibits different magnitudes among the 
ocean regions considered. The only exception is the Tropi-
cal North Pacific (TNP), which is projected to intensify 
its role as a moisture sink by the late twenty-first century. 
To understand this difference is beyond the scope of our 
current study, which focused on recycling over the land-
mass of tropical South America. In contrast, projections 
of P–E over the continental regions exhibit lower agree-
ment. However, it is interesting to note that the models 
generally agree on a weakening of NOSA (during JJA and 
SON), NAMZ (during SON) and SAMZ (SON) as mois-
ture sinks, with a model agreement of 90.9%, 75% and 
81.8%, respectively.

Fig. 3  Total annual contributions (in %) to a precipitable water and 
b precipitation from each of the source regions presented in Fig. 1 to 
NOSA during the period 1980–2005. The grey bar indicates ERA5 
estimates and blue bars show the mean of the 11 models considered. 

The whiskers show the standard deviation among the 11 CMIP5 
models. The inset map shows the sink region (grey shades) and the 
main source regions (blue shades)
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3.4  Projections of atmospheric moisture transport

Climate change induced by increasing GHG concentrations 
is expected to intensify but modify the regional characteris-
tics of atmospheric moisture transport (Lavers et al. 2015; 
Zhang et al. 2021; Yang et al. 2022). Therefore we ana-
lyzed the projected changes in the transport and recycling 
of atmospheric moisture contributing to PW and P over 
the three continental regions of interest in tropical South 
America by the late twenty-first century under the RCP8.5 
scenario. We estimated the projected change for each source 
region as the difference between the mean transport under 
the RCP8.5 projection (2070–2100) and the mean transport 
from the historical simulation (1980–2005) for each CMIP5 
model considered. Changes are expressed as a percentage 
with respect to the historical mean. Figures 7, 8, 9 show 
the projected changes in the transport from the main source 
regions contributing to PW and P over NOSA, NAMZ and 
SAMZ, respectively, according to the 11 models considered.

For NOSA (Fig.  7), there is a high model agree-
ment on the projected increases of atmospheric moisture 

contributions from the Atlantic sources (TNA, TSA and 
NATL) during the year, with higher agreement for the 
northern Atlantic regions. Also, models generally agree on 
a projected increase of PW recycling over NOSA throughout 
the year (agreement about 70%; Fig. 7a). The total PW is 
projected to increase over NOSA by the end of the twenty-
first century in about 30% with respect to the historical 
period, with high model agreement (Fig. 7a). Projections 
suggest that contributions from TNA, NOSA and NAMZ 
will represent a smaller fraction of the total PW by the end 
of this century (Fig. 7b). The negative values in Fig. 7b indi-
cate that the relative contribution of water vapor from these 
regions to NOSA will be smaller under the RCP8.5 scenario 
than under historical conditions. This means that the frac-
tion of PW transported from these sources to NOSA with 
respect to the total PW in NOSA will be reduced by the 
end of the twenty-first century, which is suggested by most 
of the CMIP5 models considered. By contrast, the relative 
PW contributions from TSA and NATL in MAM are pro-
jected to increase (Fig. 7b), indicating that the fraction of 
PW transported from these regions will increase in the future 

Fig. 4  Total annual contributions (in %) to a precipitable water and 
b precipitation from each of the source regions presented in Fig. 1 to 
NAMZ during the period 1980–2005. The grey bar indicates ERA5 
estimates and blue bars show the mean of the 11 models considered. 

The whiskers show the standard deviation among the 11 CMIP5 
models. The inset map shows the sink region (grey shades) and the 
main source regions
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Fig. 5  Total annual contributions (in %) to a precipitable water and 
b precipitation from each of the source regions presented in Fig. 1 to 
SAMZ during the period 1980–2005. The grey bar indicates ERA5 
estimates and blue bars show the mean of the 11 models considered. 

The whiskers show the standard deviation among the 11 CMIP5 
models. The inset map shows the sink region (grey shades) and the 
main source regions

Table 2  Models with the 
best performance simulating 
seasonal transport of PW and 
P from the main source regions 
to NOSA, NAMZ and SAMZ, 
with respect to ERA5

Correlations with ERA5 

Sink region Source region Transported PW Transported P 

NOSA 

TNA CanESM2 0.97 MPI-ESM-MR 0.93 

NOSA MIROC5 0.92 MIROC5 0.94 

TSA CanESM2 0.99 CanESM2 0.99 

NATL MPI-ESM-MR 0.98 MPI-ESM-MR 0.85 

NAMZ MRI-ESM1 0.93 MIROC-ESM-CHEM 0.98 

NAMZ 

TNA CanESM2 0.99 CanESM2 0.97 

TSA CanESM2 0.99 CanESM2 0.96 

NAMZ MRI-ESM1 0.92 MIROC5 0.95 

NORD MIROC5 0.99 MIROC5 0.95 

SAMZ MIROC-ESM-CHEM 0.94 MIROC-ESM-CHEM 0.87 

SAMZ 

SAMZ MRI-CGCM3 0.94 MRI-ESM1 0.99 

TSA MRI-ESM1 0.90 MIROC5 0.93 

TNA MPI-ESM-MR 0.99 MPI-ESM-MR 1.00 

NAMZ MIROC5 0.98 MIROC5 0.99 

NORD MPI-ESM-MR 0.87 MPI-ESM-MR 0.93 

Numbers indicate the correlation coefficient between the simulated annual cycle and that of ERA5. Dark 
shades indicate the models with the largest correlation with ERA5
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under the RCP8.5 scenario. Regarding the contributions 
to P over NOSA, projections suggest lower model agree-
ment and more mixed signals (Fig. 7c). For instance, con-
tributions to P from TNA are projected to increase during 
DJF and MAM and to decrease in JJA and SON, although 
model agreement is below 70%. Projected changes of total 
P over NOSA indicate increases during DJF and MAM, and 
decreases during JJA and SON. Increases of total P dur-
ing DJF and MAM are related to the increases in moisture 
transport from the Atlantic source regions (TNA, TSA and 
NATL), while the reductions of total P during JJA and SON 
are related to the reduced contributions from both oceanic 
and continental sources. NAMZ is the region with the great-
est projected reduction in its contribution to P over NOSA 
(about 35–36%). Reductions in the transport from conti-
nental sources (NOSA and NAMZ) are also observed dur-
ing JJA and SON and 100% of models agree on a projected 
reduction of the relative contribution to the P from local 
recycling over NOSA. The projections analyzed here suggest 
that, although the column water vapor from local origin (i.e. 
recycled PW) is projected to increase over NOSA, this is not 
reflected in an increase in recycled P. By contrast, recycled P 

over NOSA is projected to decrease by the end of the twenty-
first century under the RCP8.5 scenario, with a higher model 
agreement for JJA and SON (81.1% and 100% of agreement, 
respectively). This means that although the recycled PW 
over NOSA is projected to increase, the recycled P over the 
region is projected to reduce such that locally evaporated 
moisture is more readily retained in the atmosphere rather 
than leading to precipitation.

For NAMZ (Fig. 8), models exhibit a high agreement on 
projected increases of PW transported from its main mois-
ture sources, in particular TNA and TSA. Likewise, there 
is high agreement on projected increases of PW recycling 
over NAMZ during DJF and MAM. Total PW over NAMZ 
is projected to increase in about 25% of models with 
respect to the historical period. Projections also indicate 
that the PW contributions from TNA, NAMZ, NORD and 
SAMZ will represent a smaller fraction of the total PW in 
NAMZ (Fig. 8d). By contrast, PW contributions from TSA 
are projected to represent a larger fraction of the total PW 
by the end of the twenty-first century, mainly during DJF, 
MAM and SON. Regarding contributions to P (Fig. 8c), 
projections exhibit lower model agreement. However, 

Fig. 6  Sign of projected change by the end of the twenty-first cen-
tury (2070–2100) under the RCP8.5 scenario for the four variables 
considered: precipitation (red), evaporation (green), precipitable 
water (blue) and P–E (black). Bold (empty) arrows indicate that at 
least (less than) 70% of the models agree on the sign of the projected 
change. The consensus is estimated for the different regions presented 

in Fig.  1. Upward (downward) arrows indicate a projected increase 
(decrease) of the variable. The star symbol indicates that the region is 
projected to behave as a moisture source (P < E). The pentagon sym-
bol indicates that the region is projected to behave as a moisture sink 
(P > E). The panels correspond to a particular season: a DJF, b MAM, 
c JJA, and d SON
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there is high agreement on projected reductions in con-
tributions to P over NAMZ from TNA during MAM, JJA 
and SON. P recycling over NAMZ is projected to decrease 
during most of the seasons with 100% of model agreement 
during JJA and SON. Total P over NAMZ is projected to 
increase during DJF in association with increased contri-
butions to P from TSA (DJF and MAM), NORD (DJF) 
and SAMZ (DJF) (Fig. 8c). By contrast, total P in NAMZ 
is projected to decrease during JJA and SON due to the 
reductions in the contributions to P from its main moisture 
sources. In particular, our results suggest that two of the 
three main continental moisture sources for NAMZ (i.e. 
NORD and SAMZ) will decrease their contributions to P 
during JJA and SON, reaching up to a reduction of 51% 
with respect to the historical relative contribution during 
SON. As observed for NOSA, although the recycled PW 
over NAMZ is projected to increase (Fig. 8a), the recycled 
P over the region is projected to decrease (Fig. 8c). In fact, 
the relative contribution to the recycling of P over NAMZ 
is projected to decrease by the end of the twenty-first cen-
tury (Fig. 8d). TSA is the only moisture source region that 
is projected to increase its relative contribution of P to 
NAMZ for all the seasons, except SON (Fig. 8d).

Similar to NOSA and NAMZ, the PW contributions 
from the main oceanic source regions to SAMZ (TNA 
and TSA) are projected to increase in magnitude (Fig. 9a). 
Also, PW contributions from SAMZ (during DJF and 
MAM), NAMZ (during DJF and JJA) and NORD (dur-
ing DJF and MAM) are projected to increase with model 
agreement higher than 70%. The total PW over SAMZ is 
projected to increase by the end of the twenty-first cen-
tury, with increases between 20 and 28% with respect 
to the historical period (Fig. 9a, right column). These 
increases are mainly related to increased PW trans-
ported from TSA, whose PW contributions are projected 
to represent a larger fraction of the total PW in SAMZ 
by the end of the century (Fig. 9b). The relative impor-
tance of the PW contributions from TNA and NORD 
to SAMZ is also projected to increase. By contrast, the 
relative importance of the PW contributions (i.e. frac-
tional contributions) from SAMZ (i.e. PW recycling) is 
projected to decrease (Fig. 9b). Regarding contributions 
to P, projections suggest a reduction of P recycling over 
SAMZ during all the seasons by the end of the twenty-
first century, with greater reductions in JJA (40%) and 
SON (31%) (Fig. 9c). Also, there is high agreement on 

Fig. 7  Consensus among the 11 CMIP5 models considered on the 
projected change of atmospheric moisture transport toward NOSA by 
the end of the twenty-first century. a Consensus (in %) on the pro-
jected change of PW transported from the main source regions to 
NOSA. b Consensus (in %) on the projected change of the relative 
contribution of PW transported from the main source regions with 
respect to the total PW in NOSA. c As in a but for P. d as in b but 
for P. Source regions are presented in decreasing order of contribu-
tion of atmospheric moisture to NOSA in the historical period (1980–
2005). Colors indicate the different seasons of the year: DJF (blue), 
MAM (green), JJA (yellow), and SON (red). Dashed lines indicate 

a 70% of agreement between models. Numbers accompanying each 
bar in a, c indicate the mean percent change of the projected trans-
port (2070–2100) with respect to the historical period (1980–2005) 
for those models with agreement in the sign of the projected change. 
Bars that do not include this number correspond to estimates with 
low agreement between models (less than 70%). In a, c, Total NOSA 
indicates the consensus on the projected change of the total PW and 
total P, respectively, over NOSA by the end of the twenty-first century 
(2070–2100). The inset map shows the sink region (grey shades) and 
the main source regions
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the reductions in the contributions to P from TSA during 
JJA and SON, TNA and NAMZ during the entire year, 
and NORD during MAM, JJA and SON (Fig. 9c). P total 
over SAMZ is projected to increase in magnitude during 
DJF and decrease during MAM, JJA and SON. The P total 
increases during DJF seem to be related to the projected 
increases in the contributions to P from TSA and NORD. 
The P total decreases during MAM, JJA and SON are 
consistent with the reductions of contributions to P from 
the main moisture sources for SAMZ (Fig. 9c). Although 
these decreases of P contributions are observed for all the 
main moisture sources, the reduction of P contributions 
from the continental sources is remarkable since they 
exhibit the largest reductions in terms of their relative 
contribution to total P over SAMZ. For instance, the rela-
tive importance of P recycling over SAMZ is projected to 
decrease by 40% and 31% during JJA and SON, respec-
tively, while contributions from NAMZ decrease by 41% 
and 30%, and contributions from NORD decrease by 41% 
and 32% (Fig. 9d). As also observed for NAMZ, the only 
moisture source that is projected to increase its relative 
contribution to total P over SAMZ is TSA.

4  Summary and discussion

This work analyzes the simulation and projections of 
atmospheric moisture transport influencing tropical South 
America. We used the Dynamic Recycling Model (DRM) 
to estimate the contribution of moisture sources to the pre-
cipitable water and precipitation across three continental 
sink regions: Northern South America (NOSA), Northern 
Amazon (NAMZ) and Southern Amazon (SAMZ) (Fig. 1).

The ability of the CMIP5 models considered in simulat-
ing the input variables for the DRM over tropical South 
America was evaluated. In general, models are able to 
capture the main seasonal cycle of precipitation (P) over 
the region, although they exhibit the well-known biased 
location of the Intertropical Convergence Zone, mainly 
during boreal winter and spring, as identified in numerous 
studies (Hirota and Takayabu 2013; Yin et al. 2013; Sierra 
et al. 2015; Zhang et al. 2015; Ortega et al. 2021). Consist-
ently, the largest biases of simulated P are located over the 
oceans surrounding tropical South America. For evapo-
ration (E), models exhibit their largest biases over the 

Fig. 8  Consensus among the 11 CMIP5 models considered on the 
projected change of atmospheric moisture transport toward NAMZ 
by the end of the twenty-first century. a Consensus (in %) on the 
projected change of PW transported from the main source regions 
to NAMZ. b Consensus (in %) on the projected change of the rela-
tive contribution of PW transported from the main source regions 
with respect to the total PW in NAMZ. c As in a but for P. d As in 
b but for P. Source regions are presented in decreasing order of con-
tribution of atmospheric moisture to NAMZ in the historical period 
(1980–2005). Colors indicate the different seasons of the year: DJF 

(blue), MAM (green), JJA (yellow), and SON (red). Dashed lines 
indicate a 70% of agreement between models. Numbers accompany-
ing each bar in a, c indicate the mean percent change of the projected 
transport (2070–2100) with respect to the historical period (1980–
2005) for those models with agreement in the sign of the projected 
change. In a, c, Total NAMZ indicates the consensus on the projected 
change of the total PW and total P, respectively, over NAMZ by the 
end of the twenty-first century (2070–2100). The inset map shows the 
sink region (grey shades) and the main source regions
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continental regions, which could be related to the difficul-
ties exhibited by the models in representing land-surface 
interactions (Koster et al. 2002; Dirmeyer et al. 2013a, b; 
Lorenz et al. 2016). The simulation of precipitable water 
(PW) is much closer to the ERA5 estimates for both oce-
anic and continental regions than for P and E, indicating 
that the CMIP5 models considered have a better perfor-
mance simulating this variable. Finally, the simulation of 
P–E is mainly affected by the P biases over the oceans 
and the E biases over the continental regions. Despite 
these biases, the studied CMIP5 models are able to iden-
tify the regions that behave as moisture sources (P–E < 0) 
and moisture sinks (P–E > 0) over tropical South America 
during the different seasons (Fig. 2). Among the models 
considered in this study, the MIROC models exhibit the 
best performance simulating these variables over tropical 
South America, particularly MIROC5, according to the 
analysis of Taylor diagrams (Figures S1 to S4).

Regarding the simulation of the transport of atmospheric 
moisture, and its contributions to PW and P over the conti-
nental regions, our results show that the models considered 
are in general able to identify the main moisture sources (i.e. 
their relative importance) for each region. In particular, the 

MIROC5 model exhibits the greatest agreement with the 
ERA5 estimates (Table 2 and Figures S6 to S8). However, 
when evaluating the annual cycles of PW and P contribu-
tions simulated by the models, we identified larger biases 
for moisture recycling and transport from the continental 
regions, particularly for the Amazon (NAMZ and SAMZ), 
than for the atmospheric moisture transported from oceanic 
regions. Although the CMIP5 models exhibit biases rep-
resenting P (mainly over the oceans) and E (mainly over 
the continent) in tropical South America, they capture the 
observed behavior of atmospheric moisture transport over 
the region (Figs. 3, 4, 5), which may be a more reliable fea-
ture in these models.

We analyzed the projections of the input variables to 
the DRM under the Representative Concentration Path-
way (RCP)-8.5 scenario by the end twenty-first century 
(Fig. 6). The projections of P are spatially heterogeneous 
over tropical South America. Our results suggest increased 
P during December to February (DJF) over most of the 
regions considered. However, we identified reductions of 
P over SAMZ during June to August (JJA; dry season) 
and September to November (SON; dry-to-wet transition 
season). For the Amazon, this means intensification of the 

Fig. 9  Consensus among the 11 CMIP5 models considered on the 
projected change of atmospheric moisture transport toward SAMZ by 
the end of the twenty-first century. a Consensus (in %) on the pro-
jected change of PW transported from the main source regions to 
SAMZ. b Consensus (in %) on the projected change of the relative 
contribution of PW transported from the main source regions with 
respect to the total PW in SAMZ. c As in a but for P. d As in b but 
for P. Source regions are presented in decreasing order of contribu-
tion of atmospheric moisture to SAMZ in the historical period (1980–
2005). Colors indicate the different seasons of the year: DJF (blue), 
MAM (green), JJA (yellow), and SON (red). Dashed lines indicate 

a 70% of agreement between models. Numbers accompanying each 
bar in a, c indicate the mean percent change of the projected trans-
port (2070–2100) with respect to the historical period (1980–2005) 
for those models with agreement in the sign of the projected change. 
Bars that do not include this number correspond to estimates with 
low agreement between models (less than 70%). In a, c, Total SAMZ 
indicates the consensus on the projected change of the total PW and 
total P, respectively, over SAMZ by the end of the twenty-first cen-
tury (2070–2100). The inset map shows the sink region (grey shades) 
and the main source regions
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wet and dry seasons and a drying of the dry-to-wet transi-
tion season, which is in agreement with previous stud-
ies analyzing CMIP5 (Fu et al. 2013; Boisier et al. 2015; 
Palomino-Lemus et  al. 2017) and CMIP6 projections 
(Wainwright et al. 2021). Reductions of E over SAMZ 
are also projected during these seasons. In addition, our 
analysis suggests projected increases of E over the oceans 
that are in agreement with previous literature (Levang and 
Schmitt 2015). This projected increase of oceanic E is 
related to the increased PW with a warmer climate as sug-
gested by regional (Lavers et al. 2013; Warner et al. 2015) 
and global studies (Laîné et al. 2014; Lavers et al. 2015). 
Consistently, oceans surrounding tropical South America 
are projected to strengthen their role as moisture sources 
(P–E < 0) with a warmer atmosphere, as suggested by other 
studies analyzing the global tropics (Liu and Allan 2013).

Finally, we estimated the projected changes of atmos-
pheric moisture transport over tropical South America 
by the end of the twenty-first century under the RCP8.5 
scenario. In general, PW transported from the oceans 
(mainly the Atlantic regions) to NOSA, NAMZ and SAMZ 
is projected to increase (Figs. 7, 8, 9). This is consistent 
with the projected increase of E and PW over the oce-
anic regions surrounding tropical South America (Fig. 3). 
Laîné et al. (2014) indicate that the projected increases of 
atmospheric moisture over the oceans is directly related 
to the atmospheric warming effect (Clausius-Clapeyron 
relation) while over the continental regions, the changes in 
atmospheric water vapor are not necessarily related to the 
changes of E since they are more related to soil moisture 
availability over these regions. Particularly, over more arid 
regions, the moisture source is the ocean and thus changes 
in land–ocean warming contrast play a role since the lesser 
ocean warming means that moisture transport cannot keep 
pace with atmospheric demand and therefore humidity 

declines (Byrne and O’Gorman 2018; Wainwright et al. 
2022).

Figure  10 shows a synthesis of the main projected 
changes in the contribution of atmospheric moisture trans-
port to precipitation over NOSA, NAMZ and SAMZ during 
the season with the greatest changes for each region. In gen-
eral, the three continental regions exhibit similar projected 
changes: (1) reductions in the contributions to P from their 
main atmospheric moisture sources, (2) reductions of total P, 
and (3) reductions of recycled P over the region. For NOSA 

Fig. 10  Synthesis of the changes of P transport to a NOSA, b NAMZ 
and c SAMZ projected by the end of the twenty-first century (2070–
2100). The scheme shows the seasons and moisture sources with 
more than 80% of agreement among the 11 CMIP5 models consid-
ered. The numbers above the arrows indicate the projected change 
of P transported (in %) from each moisture source to the respective 
sink region (only shown for more than 80% of model agreement). 
Red arrows indicate decreases in the P transported from a particular 
moisture source. The numbers within the dark circles indicate the 
order of P contribution from each particular moisture source (1: most 
contribution, 6: least contribution). The + (−) symbol indicates that 
the respective moisture source is projected to have a larger (smaller) 
relative contribution by the end of the twenty-first century. The 
cloud symbol indicates the projected percent change of total P over 
the respective sink region. The red recycling symbol indicates pro-
jected reductions in recycled P over the sink region. The bold number 
below the recycling symbol indicates the projected percent change of 
P recycling. The different values presented in this scheme were esti-
mated based only in the models that agree in the sign of the projected 
change for each respective moisture source

▸
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(Fig. 10a), our results suggest reductions in contributions to 
P from TNA, NOSA (recycling), TSA, NAMZ and NATL 
mainly during SON. Over NAMZ (Fig. 10b), projections 
show reduced contributions from TSA, NAMZ (recycling) 
and TNA mainly during JJA. Over SAMZ (Fig. 10c), there 
is high agreement on projected reductions of contributions 
from TSA, SAMZ (recycling), NAMZ and TSA mainly dur-
ing SON. The largest reductions of P recycling (about 31%) 
are projected over SAMZ during SON, which corresponds to 
the transition season between dry and wet regimes, followed 
by NAMZ, which exhibits the largest reductions (about 25%) 
during its dry season (JJA). The high model consensus on P 
recycling reductions over SAMZ is consistent with the high 
agreement exhibited by models on projected reductions of 
E over this region during JJA and SON (Fig. 3). Despite the 
general reduction in P, note that (1) there is an increase in 
the transport of PW, and (2) the changes in the contributions 
from the different sources are not homogeneous (Figs. 7, 8, 
9), rather depending on local fluxes like E as well as on the 
regional circulation. This suggests that moisture transport 
can change because of thermodynamic factors (there is more 
moisture above a warmer ocean) but also dynamic (there is a 
spatial shift in the wind fields so altering the position of the 
strongest moisture transport pathways or alternatively there 
is a strengthening or weakening of the wind fields).

The Amazon has been widely recognized as a climate 
change hotspot (e.g. Torres and Marengo 2014; Artaxo et al. 
2021). According to our results, P recycling, an important 
moisture source for tropical South America, is projected to 
decrease by the late twenty-first century, particularly over 
the Amazon during the dry (JJA) and dry-to-wet transition 
(SON) seasons. These projections are consistent with other 
studies analyzing recent climate trends over this tropical 
river basin. Previous studies have shown the occurrence of 
longer dry seasons over the southern Amazon during the 
recent decades (Fu et al. 2013; Arias et al. 2015a; Debortoli 
et al. 2015; Espinoza et al. 2019; Haghtalab et al. 2020; 
Giraldez et al. 2020; Correa et al. 2021; Cintra et al. 2022; 
Xu et al. 2022; Wainwright et al. 2022). In fact, the Sixth 
Assessment Report (AR6) of the Intergovernmental Panel 
on Climate Change indicates high confidence on a delayed 
onset of the South American monsoon during since the late 
1970s (Douville et al. 2021), which is related to a longer dry 
season over the southern Amazon. This lengthening of the 
southern Amazon dry season is associated with an increased 
frequency of dry days during the dry-to-wet transition season 
(Espinoza et al. 2019). The enhancement of dry conditions 
is also reflected by the reductions of river discharge of the 
southern Amazon tributaries, mainly during the low-water 
season (Espinoza et al. 2009; Lopes et al. 2016; Molina-Car-
pio et al. 2017). In addition, recent studies have detected a 
higher frequency of dry-regime atmospheric patterns during 
the dry-to-wet transition season over the southern Amazon, 

favoring a delayed monsoon and anomalous dry conditions 
over the region (Espinoza et al. 2021). Changes in thermo-
dynamic stability through the atmospheric column and cold 
air incursions are also related to variations of the wet sea-
son onset in the Amazon (Li and Fu 2006; Nieto-Ferreira 
et al. 2011; Yin et al. 2014). Land cover changes over the 
southern Amazon have been highlighted as a possible cause 
of the observed lengthening of the southern Amazon dry 
season (Costa and Pires 2010; Alves et al. 2017; Agudelo 
et al. 2019; Ruiz-Vásquez et al. 2020). Moreover, projections 
under different GHG concentration scenarios indicate: (1) 
an increased duration of the dry season over the southern 
Amazon according to CMIP5 (Fu et al. 2013; Boisier et al. 
2015) and CMIP6 models (Sena and Magnusdottir 2020; 
Wainwright et al. 2021, 2022), (2) an increased dry-day fre-
quency (Arias et al. 2021a), and (3) an increased likelihood 
of droughts during the twenty-first century (Cook et al. 2020; 
Parsons 2020; Seneviratne et al. 2021). Although it was not 
possible to analyze the CMIP6 output regarding moisture 
transport, this consistency suggests that the results obtained 
in the present study are expected to be generally applicable. 
Nevertheless, future work should exploit the CMIP6 dataset, 
including high-resolution models to confirm these findings.

The projections discussed here correspond to a “worse” 
case emission scenario depicted by the RCP8.5 (Riahi et al. 
2011). Mu et al. (2021) show that the atmospheric moisture 
supply from forests mitigate drought in the Brazilian Ama-
zon, although this mechanism can be compensated due to 
circulation changes (Mu et al. 2023). Thus, considering the 
land cover change used by the RCP8.5, the projection of 
reductions in the contributions to P from the main atmos-
pheric moisture sources, the reductions of total P, and the 
reductions of recycled P over the Amazon during the dry 
season could be linked to land cover and atmospheric trans-
port changes.

The analysis presented here contributes to provide further 
elements in the understanding of the observed and projected 
changes in the hydroclimatology of the southern Amazon 
by analyzing simulations of variables that are better repre-
sented by models, such as PW and atmospheric moisture 
transport. Recently, Olmo et al. (2022) identified that to 
study the monsoon timing, and therefore changes during the 
dry and the dry-to-wet transition seasons in the southern 
Amazon, using General Circulation Models (GCMs), may 
be more appropriate to analyze dynamic variables related to 
atmospheric circulation. Likewise, our study relies on the 
complementary analysis of atmospheric moisture transport, 
an aspect deeply associated with regional atmospheric cir-
culation, to understand hydroclimatic changes over tropical 
South America, especially the Amazon. This may be a useful 
way to take a major advantage of GCM simulations in order 
to understand the possible effects of global climate change 
at regional scale.
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